In the medium, the concentration of 3-phosphoglycerate increases and dihydroxyacetone phosphate decreases in the dark phase: this is due to an exchan'ge of internal 3-phosphoglycerate for external dihydroxyacetone phosphate. Part of the reimported dihydroxyacetone phosphate is converted into hexose monophosphates via aldolase and fructose-bisphosphatase during the first minutes of darkness. Due to the observed exchange transport reactions, the large difference between the trans-envelope concentration gradients of 3-phosphoglycerate, dihydroxyacetone phosphate and Pi which exist in the light, is completely abolished after 2~3 min in the dark.
The kinetics and the magnitudes of the changes of metabolite concentrations during the light-dark-light cycle are compared to the kinetics of starch formation, and their relevance for a possible light-dark regulation of starch synthesis is discussed. Aliquot samples {150 ~1) of the chloroplast-methanol mixture were spotted on Whatman #1 paper and developed in. two dimensions, first for 60 h with a phenol-water-acetic acid solvent ~nd then for 48 ll in the-~econd direction with butanol-water-propionic acid (13) . the ins6luble fraction (obtained from chromatogram origins) was hydrolyzed with trifluoroacetic acid for l h at l00°C and an aliquot v1as chromatographed as above, but only for 24 h in each direction. After that treatment', more than 90%
of the radioactivity was found in glucose, indicating that the insoluble material at the origin consi~ted nearly extlusively of starch.
RESULTS
Time course of C0 2 _f_j_xation and starch formation. during 1 ight-~ark transition. In the first light-phase, co 2 was fixed by whole chloroplasts with a linear rate of about 90 ~mol/mg chlorophyll x h {Fig. 1). After the light was switched off, co 2 fixation ceased within 30-60 sec of ~arkness. Under our conditions, there was_ no detectable d_ecrease of the fixed co 2 during the 4 min dark period (e.g. by oxidative pentose phosphate cycle).
In the second light phase, co 2 fixation started without a significant lag phase, but sometimes with a slightly diminished rate. The time course of starch formation closely followed the kinetics of total co 2 fixation.
During the dark period, there was usually 1 ittle or no post-illumination incorporation of co 2 into starch and there was no or only little starch degraded in the dark period. should be kept in mind that a considerable part of the chloroplast volume might be occupied by the thylakoid space, which might be impermeable to the metabolites. In this case, all concentrations v1ould be some\<Jhat
The internal Pi-level of isolated chloroplasts is known to be approximately 12 mt1, if measured directly after isolation in the dark (9,12}. Upon illumination this level decreases to 3-4 mM and then remairis nearly constant (9,12}. Our first samples were taken after 7 min in the light. Therefore, at the end of the first light period, the internal Pi level had already reached its low steady state value of about 4 mH ( light-dark-light transition (Fig. 2) . Also, the level of ribulose 1,5-bisphosphate (RuDP) was usually very low in our experiments. Therefore, all bisphosphates are plotted together in Fig. 2 .
Metabolites in the Medium. The changes of'metabolite levels in the medium were very different from those in the chloroplasts (Fig. 2) . The level of Pi decreased constantly during the first light phase, and the amount of Pi disappearing from the medium approximately equaled the sum of PGA and DHAP which were exported (Fig. 3) . In the dark, the decrease of [Pi] stopped after about 30-60 sec.
The levels of PGA and DHAP were about the same at the end of the first light period, reaching a concentration of 0.05 d1 in the medium, a value which is again close to the findings of t-1clilley et al. (12) , confirming the existence of a very high concentration gradient of PGA across the chloroplast envelo~e. In the dark, there was a dramatic decrease of DHAP inthemedium, which stopped after 2-3 min. At the same time, the level of PGA increased by about the same amount. In the second light phase, the levels of both compounds again increased. 6 The levels of the other metabolites, pentose monophosphates, hexose monophosphates and of the bisphosphates were two orders of magnitude lower than those of PGA and DHAP, indicating that these compounds are to a high degree The total amount of PGA continued to increase in the dark nearly as rapidly as in the light for a period of 2-4 min, whereas the total amount of DHAP decreased to about the same extent (Fig. 4) . Several reactions could contribute to the observed changes of metabolite levels, e.g. an oxidation of DHAP to PGA or a reimport of external DHAP (see discussion). It was therefore of interest to find that both the increase in PGA and the decrease in DHAP could be significantly inhibited if either PGA or Pi were added in high concentrations (5 mM) to the chloroplast suspension immediately after the light was switched off (Fig. 4) . Even more striking, the increase of the ..
hexose monophosphate level in the dark was completely abolished by adding PGA, and addition of Pi even induced a considerable decrease in total 7 hexose monophosphatcs (Fig. 4) (12) . But in most of our experiments, the increase in hexose monophosphates was some\'Jhat higher than the decrease in PGA, This discrepancy might be due to a certain contamination of the pellet with medium, which contained a much higher amount of PGA than of hexose monophosphate.
The total amount of PGA formed and of DHAP consumed in the dark phase is usually higher than the change in hexose monophosphate concentration (Fig. II) . Therefore \'IC conclude that part of the DIIAP is also oxid·izcd to PGA in the dark, either inside the chloroplast 01~ perhaps in the medium by contamin<lting cytoplasmic enzymes. Some additional PGA might be formed during the observed post-illumination co 2 fixation.
It is known that PGA or Pi compete \'lith DHAP for translocation by the phosphate translocator (4). We have demonstrated that the increase in concentration of hexose monophosphates in the dark is inhibited by adding high concentrations of PGA or Pi to then1edium immediately after svlitching the light off (Fig. 4) . This finding strongly supports the idea that the formation of hexose monophosphates in the dark is due to a re-import of DHAP from the medium, as it should be expected that thi~ reimport is inhibited by high
What is the.driving force fOl~ these exchange transpm~t reactions and the coupled changes in metabolite concentrations? Consistent with the findings of other authors (2,12), we observed that in the light the internal concentration of PGA is much higher than that of DHAP, whereas in the medium, both compounds have about the same concentration (Fig. 2,3) . In other words, in the light, a large difference in the trans-envelope concentration gradients of PGA, Pi, and DHAP is maintained (Table 1) . After three min in the dark, all concentration gradients of the compounds transported by the phosphate tra~slocator have become equal (Table I) . Therefore, it seems reasonable to conclude that the driving force for the observed light to dark changes in metabolite concentrations is an imbalance of the trans-envelope gradients of Pi, PGA, and DHAP maintained in the light, but not in the dark.
. .
Explanations for retention of PGA in the chloroplast during illumination have been recently discussed (12) . It was suggested that PGA might be retained in the light in the chl01·oplast, because at the more alkaline pH of the !;troma in the 1 ight PGA vwuld carry b1o neg<1.tive charges, whereas Pi and DHAP have only one. A decrease of the stromal pH in the dark would then necessarily lead to the observed release of PGA into the medium. One might ask why the released PGA is obviously exchanged only for DHAP and not for Pi, despite the fact that at the end of the first light period, the Piconcentration in the medium is still higher than that of DHAP. But a consideration of the concentration gradients listed in Table I shows that an import of Pi (which decreases the external [Pi] and increases the internal The levels of PGA and of hexose monophosphates change dramatically during light-dark transition. Both are known to stimulate ADP-glucose pyrophosphorylase (3,14,15). As the changes in the concentrations of these compounds are opposite, the resulting change in the activity of ADP-glucose pyrophosphorylase might be questioned. It Should be kept in mind, however, that PGA is more active in regulating the enzyme than hexose monophosphates so that [PGA] could still modulate the enzyme activity to a great extent (3, 14, 15) .
When compared with the kinetics of starch formation during light-darklight transition {Fig. 1), the changes in metabolite levels (mainly of PGA) seem to be too slow to account for the fast light-dark regulation of starch formation observed in our experiments and also in investigations in vivo ----{10 This report was done with support from the Department of Energy. Any conclusions or opinions expressed in this report represent solely those of the author(s) and not necessarily those of The Regents of the University of California, the Lawrence Berkeley Laboratory or the Department of Energy.
